1. Introduction {#s0005}
===============

The plasma membrane (PM) of eukaryotes is composed of several hundred lipid species and thousand of different proteins. Approximately 30% of all cellular proteins are membrane proteins [@bb0005; @bb0010; @bb0015]. The composition and complexity of biological membranes varies, not only between different cell types, but also between the PM and the membranes of different intracellular organelles [@bb0020]. The Singer and Nicolson fluid mosaic model predicts that all proteins and lipids are equally distributed over a biological membrane [@bb0025]. This view was challenged by the discovery of a compartmentalization of the PM into different lipid domains [@bb0030; @bb0035]. At micrometer (μm) distances, specialized structures of the PM such as membrane ruffles [@bb0040], primary cilia and synapses have already been discovered with the light microscope and have been attributed to different functions [@bb0045; @bb0050]. However, at nanometer (nm) distances, a much higher organization of membranes has been observed, suggesting that most membrane proteins are localized in specific compartments that are variably be called as nanoclusters, nanoislands or protein islands [@bb0055; @bb0060; @bb0065].

The B cell antigen receptor (BCR) plays a central role in the antigen-specific activation of B-lymphocytes leading to the production of antibodies. We have studied the nanoscale organization of the BCR and its coreceptors on the surface of B-lymphocytes at 10 to 20 nm distances [@bb0055]. These studies show that the two different antigen receptor classes on mature B cells, namely the IgM-BCR and the IgD-BCR, reside in different protein islands with a distinct protein and lipid composition. B-lymphocytes can be easily isolated and activated by well established activation protocols [@bb0070]. This makes these cells an ideal object for the study of the nanoscale organization of membrane proteins and their alteration during cell activation. Here we describe the methods used to study the organization of biological membranes in [Section 2](#s0010){ref-type="sec"} and summarize the current knowledge of PM nanoscale organization in [Section 3](#s0030){ref-type="sec"}. This is then followed, in [Section 4](#s0055){ref-type="sec"}, by a discussion of the molecular arrangement of the B cell PM and its alteration during the activation.

2. Methods to study nanoscale membrane organizations {#s0010}
====================================================

The proteins inside membrane nanoclusters are restrained only by weak intermolecular protein:protein and protein:lipid interactions [@bb0075; @bb0080]. Often these interactions exist in dynamic equilibrium of associated and dissociated states [@bb0085; @bb0090]. The mechanism that establishes this dynamic equilibrium depends on the type of membrane protein and the constituents of lipid bi-layer. For example, the syntaxin-1 containing nanodomains on neuroendocrine cells are maintained by a critical balance between self-association and steric repulsion [@bb0085]. Furthermore, rhodopsins on artificial membrane assemble by transient dimerization [@bb0095]. The isolation of these protein nanoclusters and their biochemical characterization is challenging. Depending on the detergents used for permeabilization and solubilization of the membrane and subsequent purification protocol, one can get very different information about the protein:protein interactions within a particular membrane. In addition, the purification of native membrane proteins for biochemical studies requires large amounts of starting materials and highly specific antibodies raised against the membrane proteins involved in nanocluster formation [@bb0100]. Therefore, in recent years, live cell imaging techniques employing the confocal microscope and fluorescent protein-tagged (FP-tagged) proteins were frequently used to study the composition and dynamics of proteins on the membrane [@bb0105; @bb0110]. However, due to the diffraction barrier of visible light at 250 nm [@bb0115], most of these confocal microscopy studies failed to reveal the nanoscale organization of proteins in biological membranes ([Fig. 1](#f0005){ref-type="fig"}A, upper panel). Thus a better understanding and study of the nano-world of membrane organization requires the development and combination of novel techniques. In the following sections we describe how improved biochemical methods, together with super-resolution approaches and proximity ligation assays (PLA) can be employed for a better study of membrane nano-world.

2.1. Biochemical studies of membrane protein complexes {#s0090}
------------------------------------------------------

Isolation and enrichment of membrane protein complex in its native state is an important step for further biochemical studies. To maintain the native lipid environment, it is preferable to extract the protein complex without the use of detergent or only with mild detergent. Using a nitrogen cavitation system Harder\'s group, demonstrated the detergent-free isolation of native TCR complex from homogenized T cells [@bb0120; @bb0125]. However this method has weak signal to noise ratio due to high background binding of other cellular materials, incomplete homogenization and low avidity binding of antibody coated beads [@bb0125]. Apart from isolating lipid--protein complexes from the plasma membrane, the nitrogen cavitation method is also useful for isolating intracellular vesicles [@bb0130]. Most standard methods of biochemical analysis of membrane proteins are dependent on a detergent lysis of the membrane that can be quite variable. For example, the affinity purification of the BCR from 1% Triton-X100 B cell lysates allows the isolation of only the membrane bound-IgM (mIgM) molecule but not the mIgM-associated signaling subunit Igα and Igß [@bb0135]. In contrast the complete BCR complex can be co-purified from 1% digitonin B cell lysates. Another commonly used mild detergent is Brij98, a member of the polyoxyethylene family [@bb0140; @bb0145]. This detergent was used to isolate low-density detergent resistant membranes from the buoyant fractions of a sucrose density gradient [@bb0140; @bb0150]. Using this method, key players of the T cell antigen receptor (TCR) signaling machinery were studied [@bb0140]. It was found that on resting T cells, the TCR/CD3 complex, the co-receptor CD4 in association with the Src-family kinase p56 Lck, and the linker for activation of T-cell (LAT), are each organized in different membrane compartments. Upon TCR ligation, the different compartments apparently combine to organize a signaling platform where the phosphorylation of the CD3 and TCR-zeta chains by the respective kinases Lck and ZAP70 results in the recruitment of ZAP70 to the TCR and induces phosphorylation of LAT and other adapters such as SLP-76 [@bb0140]. These biochemical data were confirmed by transmission electron microscopy (TEM) and super-resolution microscopy studies showing that, upon T cell activation, the different nanoscale membrane patches or protein islands move closer together [@bb0155].

Most Western blot studies of proteins are done with anionic sodium dodecyl sulfate containing polyacrylamide gel electrophoresis (SDS-PAGE), a procedure that denatures proteins and thus cannot be used to directly analyze non-covalently associated protein complexes. Thus, for the analysis of membrane protein complexes, native gel methods such as the blue native polyacrylamide gel electrophoresis (BN-PAGE) are more suited [@bb0160]. Schamel et al. used this method to study monomeric and oligomeric complexes of BCR and TCR [@bb0145; @bb0165]. For this, they used different detergents such as Digitonin, Thesit, Brij96 and Triton-X100 and found that, cell lysis with a low percentage of Thesit or Brij96 is more suitable to detect and isolate oligomeric receptor complexes.

The results obtained in biochemical studies of membrane protein organization depend on the type of detergent used. This makes the characterization of membrane complexes difficult. One way around this problem is to use chemical or photo-active crosslinkers prior to a detergent lysis [@bb0100]. For example, the Strep-tagged membrane protein interaction experiment (SPINE) uses formaldehyde to crosslink co-localized membrane proteins prior to their affinity purification with Streptavidin coupled beads [@bb0170; @bb0175]. Another useful strategy for stabilizing the transient protein:protein interactions is by incorporating photo-activatable amino acids into cellular proteins, followed by a short UV exposure to activate the crosslinker [@bb0180]. Using this method, Suchanek et al. identified the interaction of progesterone-binding membrane protein PGRMC1 and Insulin-induced gene-1, Insig-1 in a membrane-residing complex of the endoplasmic reticulum.

2.2. Super-resolution and localization microscopy {#s0015}
-------------------------------------------------

Currently, the most popular methods for exploring the distribution of membrane proteins at nanometer resolution utilize localization microscopy. They include photoactivated localization microscopy (PALM) [@bb0185] and stochastic optical reconstruction microscopy (STORM) [@bb0190]. Apart from localization microscopy, stimulated emission depletion (STED) microscopy [@bb0195], a method based on RESOLFT technique [@bb0200; @bb0205], is another commonly used method for exploring the distribution of membrane proteins. These new imaging techniques are commonly known as super-resolution microscopy. In contrast to classical light microscopy, which constantly monitors the light emitted from all fluorophores in a picture, the localization microscopy techniques reduce the number of fluorophores and increase their spatial separation by imaging the samples in multiple frames, where each frame has only a subset of a few active fluorophores ([Fig. 1](#f0005){ref-type="fig"}A, lower panel). The light signals from more than 5000 frames are then combined to reconstruct the complete picture. Both PALM and STORM methods use the same underlying principle to reduce the number of active fluorophores. In PALM, the protein of interest is tagged with a photo-activatable protein such as paGFP [@bb0210] or photo-switchable proteins such as mEOS [@bb0215; @bb0220]. The photo-activatable proteins are converted to active fluorophores by exposure to low intensity short wavelength light and bleached with a high intensity excitation laser used during imaging. The photo-switchable proteins undergo a green to red photo-shift of emission wavelength by exposure to low intensity, short wavelength light. In the PALM method, the use of tagged fluorescent proteins instead of a labeled antibody enables time-lapse imaging of living cells down to 50 nm (or \< 50 nm) resolution [@bb0225].

The STORM method uses either a tandem pair of organic fluorophores or a single organic fluorophore that is maintained in a meta-stable dark state by a reducing chemical environment. The latter approach is frequently called direct stochastic optical reconstruction microscopy (dSTORM) [@bb0230; @bb0235]. A spontaneous switching or low intensity, short wavelength light induced switching of individual fluorophores between visible and dark states is needed in dSTORM imaging [@bb0240]. The low intensity, short wavelength light converts a few fluorophores to their active state and the emitted photons are collected in multiple frames. After each round of imaging, the activated fluorophores are bleached by the excitation laser used during imaging and a new subset of fluorophores appears on the subsequent frames. Thus, the localization of all molecules in the field of view requires the sequentially acquisition of many frames ([Fig. 1](#f0005){ref-type="fig"}A, lower panel). This process can take up to a few minutes, and therefore super-resolution microscopy is an inherently slow method and is mainly applied on fixed samples. However, the technical advances in optical microscopy, the increasing speed of the used acquisition camera and continuous optimization of image analysis algorithms improved the speed and photon detection efficiency of super-resolution microscopy. This allows one to study the nanoscale movements of molecules in living cells, albeit at a lower resolution (40-50 nm) [@bb0245]. Another limitation of localization microscopy is the lack of three-dimensional (3D) information. Recently, various approaches have been introduced to obtain z-position information for each localized fluorophore [@bb0250]. These include the splitting of different z-planes onto different regions of the detectors and use of interferometry. Such a three-dimensional localization approach was used to characterize the dimensions of clathrin-dependent endocytic vesicles [@bb0255].

In contrast to PALM and dSTORM, STED microscopy uses a specialized depletion laser, in combination with the excitation light. The shape of the depletion laser is engineered such that it only partially overlaps with the diffraction-limited spot created by excitation laser (donut-shaped depletion profile). In this way, the emission from the non-overlapping portion becomes visible [@bb0260]. As the intensity of the depletion laser is increased, the signal obtained from each fluorophore can be localized below the diffraction limit [@bb0195; @bb0200]. Using this method, small, 50--60 nm nanocusters of the SNARE protein syntaxin-1 were found on the PM of the neuroendocrine cell line PC12 [@bb0085]. Interestingly, syntaxin-1 molecules are only transiently associated with their nanoclusters and rapidly exchange with freely diffusing syntaxin-1 molecules. Live cell STED imaging also revealed the transient, nanoscale organization of sphingolipids and glycosylphosphatidylinositol (GPI)-anchored proteins within a 20 nm cholesterol rich membrane region [@bb0265]. These studies support the notion that the PM organization is controlled by dynamic molecular interactions of associated and dissociated states.

Apart from live cell super-resolution microscopy methods, described above, other microscopy based techniques such as fluorescence correlation spectroscopy (FCS) [@bb0270], total internal reflection microscopy (TIRFM) [@bb0275] and single particle tracking (SPT) [@bb0280; @bb0285] are also used for exploring the distribution of membrane proteins in living cells. The FCS method determines the molecular dynamics (diffusion rate) of fluorescently labeled membrane proteins [@bb0090; @bb0290]. Several variations of classical FCS method such as scanning-FCS and spot-variation FCS were introduced by different groups to study the nanoscale organization of membrane proteins within the complexity of PM (for review read [@bb0295]). TIRFM allows detection of molecules to a thin slice of illuminated field, about 100 nm, adjacent to the glass-sample interface. Thereby, the membrane localized and membrane proximal cytoplasmic features can be specifically studied in this system. However, the depth of the TIRFM acquisition is still larger than the thickness of the PM lipid bi-layer (\~ 5 nm). It is thus not always clear with this technique whether the observed molecular process occurs at or below the membrane. For example, the movement of PM-proximal membrane vesicles carrying a GFP-tagged protein could be misinterpreted as the movement of the GFP-tagged proteins inside the PM [@bb0300]. The SPT method records the trajectory of fluorescently labeled molecules within a given time interval. Combining a high-speed camera to a TIRFM, the SPT method provides insight into the dynamic behavior of membrane proteins on the cell surface [@bb0280; @bb0285]. Unlike super-resolution microscopy, both FCS and SPT method cannot resolve the nanoscale structures of the PM but quantify the molecular dynamics and zone of confinement.

2.3. Electron microscopy {#s0020}
------------------------

One well established technique that can be used to explore nanoscale organization of membrane proteins below the diffraction barrier of visible light (\~ 250 nm) is TEM. Depending on the voltage of the accelerating electrons, the resolution of a TEM can be in the range of 0.5 to 0.2 nm, thus reaching well below the dimensions of most membrane proteins ([Fig. 1](#f0005){ref-type="fig"}B). However, TEM requires fixation, dehydration and embedding of the biological object being studied and these procedures can potentially distort the organization of proteins on the membrane. Furthermore, proteins cannot be directly visualized on fixed samples but require antibodies coupled to different-sized gold particles (immunogold) for their detection. Nevertheless, the high-resolution of TEM images with gold particles on cellular or membrane preparations allows the study of membrane protein compartmentalization. Two major sample preparation methods are currently used to study the spatial organization of membrane proteins by immunogold-TEM. The whole-mount method that detects membrane protein on the surface of fixed intact cells, uses primary antibodies followed by secondary immunogold antibodies [@bb0305; @bb0310]. This technique revealed the nanocluster organization of several membrane proteins, including the potassium channel Kv1.3 [@bb0310], leucocyte-specific integrin LFA-1 [@bb0315], and the HIV-1 receptor of antigen presenting cells DC-SIGN [@bb0305]. Furthermore, an oligomeric organization of the BCR was detected on the B cell surface by a TEM study combined with mathematical modeling [@bb0320]. A complementary method is the immunogold labeling of isolated membrane sheets [@bb0325]. For the generation of these membranes, the cells are first sandwiched between a poly-[l]{.smallcaps}-lysine (PLL) coated electron microscopy (EM) grid and a glass coverslip. The rapid removal of the coverslip generates shearing forces that rupture the cells, leaving behind the membrane, bound to the EM grid with an inside-out orientation [@bb0325]. After fixing the membrane sheets with paraformaldehyde or paraformaldehyde/glutaraldehyde, the membrane proteins are detected with antibodies specific for their cytosolic regions or attached peptide tags, followed by gold-conjugated secondary antibodies. The use of two alternatively tagged proteins in combination with corresponding anti-tag antibodies, followed by secondary antibodies labeled with different size gold particles (10 nm and 5 nm gold) allows the determination of the relative distribution of two different membrane proteins [@bb0060]. In addition, standard EM staining reagents such as osmium tetroxide, tannic acid and uranyl acetate are used to add contrast and to stain membrane-associated structures such as the cortical cytoskeleton or clathrin coated-pits. In this way, the spatial distribution of receptors such as the FcεRI on mast cells [@bb0330] and the TCR and LAT on T cells [@bb0060] has been studied. Furthermore, this technique revealed the nanoscale clustering of small G-proteins such as Ras and their association with lipid-ordered domains [@bb0065; @bb0335]. These studies support the model of PM compartmentalization and the lateral segregation of most membrane proteins.

The molecular organization of membrane proteins studied by using immunogold-TEM and super-resolution imaging can be subjected to various quantitative analysis that can reveal the dimension of individual nanoclusters and their separation. One of the classical methods is Ripley\'s K function analysis, which estimates spatial clustering or co-clustering of each signal point as a function of length [@bb0335; @bb0340]. This method has been widely used to quantify immunogold-TEM and super-resolution images. An alternate method is pair correlation analysis [@bb0345; @bb0350], which is widely used for super-resolution image analysis. The pair-correlation analysis also measures spatial clustering among the groups compared to Ripley\'s cumulative method. Thus, unlike Ripley\'s K function, the pair-correlation analysis is not obscured by the presence of molecules at the center. This method also takes into account the reoccurrences of the same fluorophores in consecutive frames as a result of blinking in localization microscopy. Therefore, it is more suitable to super-resolution images. In addition, pair correlation analysis can more accurately estimate cluster size and molecular density within the cluster. The distribution and interaction of two different molecular species can be evaluated by bivariate Ripley\'s K function analysis and pair cross-correlation analysis [@bb0350; @bb0355].

2.4. Proximity ligation assay {#s0025}
-----------------------------

Despite their popularity and usefulness, immunogold-TEM and super-resolution microscopy have several problems, as these approaches require the expression of tagged and modified proteins in cell lines or a specific labeling strategy for the protein of interest. This raises issues about the expression of modified proteins in an altered cellular and membrane environment. Alternatively, endogenous proteins can be detected in TEM by a specific antibody [@bb0360]. However the reactivity of the antibody against an endogenous protein must endure the rigorous membrane preparation and fixation steps necessary for TEM methods. In comparison, the proximity ligation assay (PLA) [@bb0365] has the advantage that it can be performed with any cell type, including isolated primary cells or even cells inside a tissue, and thus can be used for clinical specimens [@bb0370; @bb0375]. Furthermore most antibodies that work in immunoflourescence assays can also be used in the PLA method. The *in situ* PLA enables studies of endogenous proteins in their natural environment and can also be used to analyze post-translational modification of the proteins [@bb0380]. Prior to PLA analysis, cells are placed on non-stimulatory PLL-coated glass slides and fixed by formaldehyde. The PLA method detects the close proximity of two target proteins using antibodies coupled to DNA-oligos that can direct the ligation of two oligonucleotides into a circle ([Fig. 1](#f0005){ref-type="fig"}C). One of these antibody-coupled oligos is then amplified 100,000-fold by a rolling circle amplification mechanism and detected by fluorophore-coupled complementary oligonucleotides [@bb0365; @bb0370]. For this reaction to occur, the oligo-coupled antibodies must be close (\< 10 nm) to each other and this makes the assay depend on the nanoscale proximity of the two components under study [@bb0370; @bb0375]. The amplified PLA signal can be easily visualized and documented by simple fluorescence microscopy. Quantification of the PLA data involves counting the number of red dots per cell, which can be performed by using simple image analysis algorithms such as the BlobFinder [@bb0385]. The PLA method can also be automated by using standardized reagents and a microfluidic chip [@bb0390]. The limitation of this assay is that it requires antibodies against the targeted protein pair and the cells need to be fixed. Thus, like most other super-resolution studies, PLA cannot be performed on living cells.

A positive PLA signal does not require a direct protein:protein interaction but only close proximity. Therefore, PLA enables the detection of protein assemblies or protein clusters that do not withstand detergent extraction and immunoprecipitation procedures. This makes PLA particularly useful to study the nanoscale protein organization on cell surfaces. Furthermore, by fixing but not permeabilizing the cells, PLA can be used to study the protein organization, specifically on the cell surface. However, using a cell-permeabilizing-reagent such as Saponin or Triton-X100, one can also test the proximity of intracellular proteins or their interaction with membrane-bound receptors [@bb0395]. The classical PLA method (2-PLA) involves DNA-oligo coupled secondary antibodies and detects the proximity of two molecules in the 10--80 nm range. By coupling the DNA-oligos directly to primary antibodies (1-PLA), or to Fab fragments (Fab-PLA), the detection range can be reduced to 10--40 nm and 10--20 nm, respectively [@bb0055]. We have found that the Fab-PLA method with its 10--20 nm detection range is particularly useful to explore the nanoscale membrane organization on the surface of resting or activated B cells ([Fig. 1](#f0005){ref-type="fig"}C). Only with Fab-PLA, but not the other PLA methods, we were able to demonstrate the opening of the BCR and the reorganization of BCR with its coreceptors following B cell activation [@bb0055]. The use of single-chain Fv fragments, or single VH domains in the form of nanobodies, can further improve the resolution of the PLA method. However, one drawback of the monovalent binding PLA approach is that it is less sensitive than 2-PLA and 1-PLA. Importantly, in this context, the PLA technique can be used to study not only protein:protein but also protein:lipid interactions. This can be done by coupling one of the PLA oligos directly to a lipid-binding domain, for example to the choleratoxin B domain, and the second oligo to an anti-receptor antibody. In this way, we found that the IgD-BCR is localized in close proximity to raft-like lipids in the PM of resting B cells [@bb0055].

3. The nanoscale compartmentalization of the PM {#s0030}
===============================================

Progress in biological science is connected with the discovery of order at all levels of biological phenomena. In opposition to the second law of thermodynamics, living organisms accumulate order in to the face of the chaotic universe around it. Most biological processes that were first thought to occur randomly, such as the immunoglobulin V gene assembly, were later found to be highly regulated. For a long time, it was thought that biological membranes were an exception to this rule. The fluid mosaic model of Singer and Nicolson predicted a free unrestrained movement of all membrane proteins in the lipid bi-layer of the PM [@bb0025]. Higher organization of membrane proteins seemed to occur only after the activation of cells or within specialized areas of cell:cell contact, such as the neuronal or immunological synapses [@bb0400; @bb0405]. However, research of the last 20 years has helped to establish the view that the PM of all cells is ordered and highly compartmentalized [@bb0410; @bb0415]. Three cellular components contribute to this membrane order namely, the lipids, the membrane proteins, and the cytoskeleton.

3.1. The lipids {#s0035}
---------------

Experiments with biological and artificial membranes have shown that the different lipids making up the PM self-assemble and separate into disordered and ordered phases [@bb0420]. The later phase, when enriched with sphingolipids and cholesterol, is also known as a "lipid raft" [@bb0425; @bb0430]. GPI-anchored proteins are preferentially associated with such lipid raft domains and this can help to better define these domains [@bb0435; @bb0440]. One problem with the raft hypothesis, is that the methods to isolate and study these ordered lipid domains are quite variable and are not always appropriate. For example, biochemical studies of these domains uses detergent extraction and sucrose gradients to isolate the low-density, detergent-insoluble fraction enriched in cholesterol and glycosphingolipids [@bb0445]. However, these detergent-resistant membrane fractions can be quite heterogeneous and only poorly represent the organization of these domains on the membrane of living cells [@bb0450; @bb0455]. Another problem was that lipid rafts were thought to be tightly associated with active signaling processes. Newer data show, however, that ordered lipid domains are already abundant on the surface of resting non-signaling cells and that they are more diverse than was previously thought.

The historical merit of the lipid raft model is that this hypothesis postulated, from early on, that the PM is compartmentalized. Originally, the lipid raft hypothesis was postulated to explain the compartmentalized delivery of glycosphingolipid and cholesterol to PM from the trans-Golgi network [@bb0460]. Later, Simons and Ikonen redefined the lipid raft as a PM compartmentalizing unit and a platform for the assembly of proteins involved in signal transduction [@bb0430]. Newer studies using high-resolution microscopy techniques such as single particle tracking (SPT) and fluorescence resonance energy transfer (FRET), confirmed the existence of nanoscale lipid raft domains, albeit at much smaller dimensions than previous models [@bb0265; @bb0280; @bb0465]. The nanoscale organization of the membrane is, however, not restricted to ordered lipid domains but applies also to other lipid domains [@bb0060].

3.2. The transmembrane proteins {#s0040}
-------------------------------

Membrane proteins can either be loosely associated with the PM or can cross the lipid bi-layer with one or several transmembrane (TM) domains, thus being integral membrane proteins. In most cases, the TM domains form α-helixes of 18--25 amino acids (aa). Functioning as a membrane anchor, the aa sequence of a TM domain can be quite diverse, apart from containing predominantly hydrophobic aa to be compatible with the hydrophobic core of the lipid bi-layer. This led to the view that TM domains are evolutionarily less conserved than the rest of the proteins. In contrast to this assumption, the TM domains are often the most conserved part of a TM protein. This finding suggests that the TM domains have additional functions and are not just serving as a membrane anchor. For example, the TM domains can be directly involved in the formation of dimers and oligomers of TM proteins. The TM domains of the IgD, part of the IgD-BCR on the B cell surface, are evolutionarily highly conserved and it has been shown that they are involved in the oligomerization of this receptor [@bb0470; @bb0475]. The clustering of TM proteins may occur as a response to a hydrophobic mismatch, as it reduces the number of lipids bound to the non-matching membrane inclusion [@bb0410; @bb0480]. Thus, the interactions of hydrophilic residues inside the TM sequence may drive the formation of higher ordered protein oligomers. In addition, the TM domains of the TCR and BCR contain conserved charged and polar aa residues, respectively that seem to play important roles in the assembly and function of these receptor complexes [@bb0485; @bb0490; @bb0495; @bb0500].

Newer studies suggest that the TM domains are not only involved in protein:protein but also in protein:lipid interactions and the sum of these interactions maybe involved in the sorting of TM proteins into specific nanoclusters or protein islands with a defined lipid composition [@bb0505]. Wedlich--Söldner\'s group tested a large set of yeast TM domains in swapping experiments and found that these sequences could influence the nanoscale location of the corresponding membrane proteins on the PM of yeast cells [@bb0510]. A functional segregation is also found in the PM of mammalian cells, even for TM proteins of the same family such as the Lipid Phosphate Phosphatases LPP1 and LPP2 [@bb0515] or for the SNARE protein syntaxin-1 [@bb0085]. In TEM studies of the inner leaflet of the PM of mast cells, Wilson et al. found that many membrane proteins are not uniformly distributed but are clustered in nanoscale membrane areas [@bb0325; @bb0330]. Specifically, they showed that the high-affinity Fc-receptor for IgE is localized in different protein clusters than the TM adaptor LAT. Lillemeier et al. extended these studies by demonstrating that most proteins on the PM of T lymphocytes are confined in so-called protein islands with a size of 80--150 nm [@bb0155]. These pre-organized domains coalesce after T cell activation. The molecular mechanism for the specific sorting of TM proteins into these protein islands is unknown at present. Each TM domain may bind to a specific set of lipids, thus generating a lipid shell of distinct composition around them. Those TM proteins with the same or a similar lipid shell will then be sorted or form a specific protein island. The sorting event and the place where the sorting process take place are discussed in [Section 3.4](#s0050){ref-type="sec"}.

3.3. The cytoskeleton {#s0045}
---------------------

The formation and stability of protein islands are not only dependent on the lipids and TM proteins but also on the cytoskeleton. This notion is based on the observation that the treatment of cells with Latrunculin-A (Lat-A) not only inhibits F-actin formation but also the clustering of raft-associated TM proteins [@bb0520; @bb0525; @bb0530]. The nanoscale confinement of GPI-anchored proteins and several other membrane proteins including the glycine receptor and the BCR is dependent on the proper formation of cortical actin, and to lesser extent on lipids such as cholesterol [@bb0535; @bb0540; @bb0545; @bb0550]. High-resolution imaging and SPT studies showed that TM proteins move freely only within confined zones between 30 and 700 nm in diameter [@bb0285; @bb0555]. At the borders of these confinement zones, diffusion is reduced. For long-range movements on the cell surface, the proteins have to jump between adjacent confinement zones [@bb0555; @bb0560]. Theses studies resulted in the "picket-fence" model, suggesting that the membrane-proximal cortical cytoskeleton imposes effective barriers for the diffusion of TM proteins [@bb0555]. Facundo Batista and colleagues also found that the diffusion of the BCR on the B cell surface is restricted by a membrane proximal actin cytoskeleton meshwork. The BCR complexes located in actin-rich regions exhibited slower diffusion compared to those located in actin-poor regions [@bb0545]. These SPT studies suggest that, at least in part, the diffusion barrier for the BCR is derived from the ezrin--radixin--moesin (ERM) family of cytoskeleton proteins [@bb0565]. Furthermore, they showed that treatment of B cells with the F-actin inhibitor Lat-A, activates the B cells [@bb0570]. The confinement zones of protein diffusion may be identical or similar to the protein islands detected by other methods. Consistent with this view, Mark Davis and colleagues found that the actin cytoskeleton is involved in the formation and maintenance of cholesterol-enriched, protein islands on the T cell surface [@bb0060].

3.4. The origin of protein islands {#s0050}
----------------------------------

Studies from several groups using diverse techniques show that TM proteins and lipids are highly organized inside nanoscale protein islands [@bb0155; @bb0325; @bb0425; @bb0435]. How are these structures formed and what forces maintain them? The finding that the same proteins are often clustered together whereas others are excluded from specific protein islands is a clear indication for a sorting process [@bb0085; @bb0510]. There are two scenarios where this sorting could take place: either the sorting happens on the PM or, more likely, sorting already occurs during the intracellular transport of the TM proteins and lipids to the PM. All membrane proteins that leave the ER first pass through the Golgi apparatus before they are placed on the cell surface. The Golgi has well-known cellular protein sorting capabilities. In polarized cells, it assembles different cargo vesicles that are then transported either to the apical or the basolateral cell surface [@bb0575; @bb0580]. These vesicles differ not only in their protein content, but also in their lipid composition [@bb0585; @bb0590]. The protein and lipid sorting process in the Golgi maybe more diverse and specific than currently appreciated and could potentially generate hundreds of different cargo vesicles. It is thus feasible that all protein islands detected on the cell surface have their origin in precisely sorted transport vesicles that are assembled in the Golgi apparatus. Currently, it is thought that once a cargo vesicle fuses with the PM, the transported TM proteins are equally distributed over the whole cell surface. An alternative scenario is that after the vesicle-PM fusion, the pre-sorted proteins and lipids stay together to form a nanoscale protein islands. In line with this view, Soares et al. have shown that the constituents of the TCR signaling machinery, viz. TCRζ, Lck and LAT traffic through distinct vesicular compartments [@bb0595]. Fusion of these TCRζ and LAT containing vesicles to the immune synapse controls the nanoscale organization of phosphorylated TCRζ and LAT clusters. This observation suggests a directed transport of vesicles; however the model requires further validation.

4. Nanoscale organization and reorganization of receptors on the B cell surface {#s0055}
===============================================================================

Surface expression and assembly of BCR requires a membrane-bound immunoglobulin (mIg) molecule and the Igα/Igβ heterodimer, acting as antigen-binding and signaling subunits, respectively [@bb0165]. The proper assembly of all BCR components in the ER is required for the expression of this receptor on the cell surface. Each mature B cell carries roughly 120,000 BCR complexes on its cell surface [@bb0320]. How these many receptors are organized and kept silent on resting B cells is still not resolved. During B cell activation, the tails of Igα and, to lesser extent, that of Igβ become phosphorylated on two tyrosines that are part of the immunoreceptor tyrosine-based activation motif (ITAM) [@bb0600]. It is dominantly the spleen tyrosine kinase (Syk) that phosphorylates the two ITAM tyrosines [@bb0605; @bb0610]. Phosphorylated ITAMs are binding-sites for the tandem SH2 domain of Syk [@bb0615]. This process couples the BCR to an active tyrosine kinase and amplifies BCR signaling as discussed in [Section 4.4](#s0075){ref-type="sec"}.

4.1. Biochemical studies of the BCR {#s0060}
-----------------------------------

A first hint that the BCR forms oligomers on the surface of resting B cells came from biochemical studies employing blue native polyacrylamide gel electrophoresis (BN-PAGE) and differently tagged Igα proteins [@bb0165]. In these studies, the BCR was solubilized with low concentrations of non-ionic detergents to extract the receptor complex from the cell membrane. It was shown that both the IgM-BCR and the IgD-BCR form oligomers that differ in size [@bb0165]. Mutation of several conserved aa residues of the TM sequences of the mIgD molecule reduced the size of the IgD-BCR oligomer. This finding suggested that the TM regions of the mIg molecules are involved in the formation of the BCR oligomer. Interestingly, one side of the TM regions of the mIgM and mIgD molecules are quite different from each other. As the IgM-BCR and the IgD-BCR do not form mixed oligomers, it is likely that this side of the TM region is required for the class-specific formation of BCR oligomers [@bb0165]. This notion was further supported by TM region mutation analysis. The discovery of BCR oligomers on resting B cells lead to a model postulating that it is the opening of BCR oligomers rather than cross-linking the BCR that results in B cell activation [@bb0470]. However, the model of an oligomeric organization of the resting BCR was not well accepted at the time, and primarily regarded as artifact of detergent lysis [@bb0620].

4.2. Fluorescence complementation studies of the BCR {#s0065}
----------------------------------------------------

The bimolecular fluorescence complementation assay (BiFC) is a method that allows the detection of protein dimer formation in living cells [@bb0625]. In this method, the fluorescent protein (FP) is split in two parts (N-FP and C-FP) and used to generate two fusion proteins, each carrying one FP part. If the two proteins under study dimerize, a functional FP domain is reconstructed and is detected by the emitted fluorescence. In this way, one can test for hetero and homo-dimerization in living cells expressing the two fusion proteins. Using the S2 Schneider cells, we followed the assembly of N-YFP- or C-CFP-tagged Igα proteins together with the other BCR components in a pulse-chase like fashion [@bb0630]. This, together with a stringent quantification of reconstructed FP, showed that BCR dimerization is an efficient and spontaneously occurring process, and that BCR dimers are stably expressed on the cell surface [@bb0475]. With this assay, we were also able to identify an IgD-BCR mutant with a defect in the oligomerization process. This monomeric IgD-BCR carries mutations on the class-specific side of the TM region and lacks the disulfide bridge between Igα and Igβ [@bb0635]. This finding showed that the conserved amino acids in the TM region of mIgD are required for BCR dimerization and thus confirmed the conclusions of our previous BN-PAGE studies [@bb0165]. Interestingly, the monomeric BCR mutant signals more actively and is less stably expressed on the B cell surface, thereby suggesting that BCR oligomers are autoinhibited, inactive forms of the receptor [@bb0475]. In line with this, we found that the BiFC-stabilized BCR-dimers are less active in signaling and less well internalized. These studies led to the formulation of the dissociation activation model (DAM), suggesting that it is the dissociation of BCR oligomers, rather than the cross-linking of BCR monomers, that initiates B cell activation [@bb0640].

4.3. Fab-PLA studies of BCR activation {#s0070}
--------------------------------------

The dissociation and opening of a BCR oligomer involves movements of receptor monomers relative to each other in the 10 nm to 20 nm range ([Fig. 2](#f0010){ref-type="fig"}). These receptor alterations cannot be monitored by classical light microscopy with a diffraction limit of 250 nm. Even with TEM, it is challenging to reliably detect such tiny receptor alterations. Fab-PLA is here the method of choice. In an analysis of monomeric and pentameric soluble IgM bound to antigen-coupled beads, we showed that only Fab-PLA but not 1-PLA can distinguish pentameric and monomeric IgM from each other [@bb0055]. Apparently, Fab-PLA requires the close spacing of molecules inside the IgM pentamer for the amplification of the PLA reaction. Therefore, Fab-PLA is a specific assay for the detection of IgM multimers, either in the form of pentameric IgM, or as a receptor oligomer. Similarly, the monomeric IgD-BCR mutant, when expressed in S2 Schneider cells, does not give a signal in Fab-PLA. To study nanoscale alterations of the IgM-BCR and IgD-BCR upon B cell activation, we performed IgM:IgM Fab-PLA as well as IgD:IgD Fab-PLA. The result was the same for both BCR classes. The assay detects a strong Fab-PLA signal on resting B cells that was lost upon B activation. Therefore, BCR activation is accompanied by the opening of BCR oligomers so that they are more distantly spaced Ig monomers and can no longer be detected by Fab-PLA. This finding supports the DAM hypothesis and suggests that upon antigen binding, the BCR oligomers dissociate and form clusters of active BCR monomers. Importantly, the same observations were made in studies of B cell lines or primary B cells from the mouse spleen or from human peripheral B cells, showing that BCR opening is a conserved process of B cell activation. Apart from antigen, the dissociation of BCR oligomers was also induced by the treatment of B cells with activating drugs such as pervanadate (Perv) and Lat-A, which alter the redox equilibrium and inhibit actin polymerization, respectively. The latter finding suggests that the cytoskeleton stabilizes BCR oligomers on resting B cells.

4.4. Discovery of inside-out Syk/BCR signaling by Fab-PLA {#s0075}
---------------------------------------------------------

So far, all read-outs for BCR activation measured downstream events, such as tyrosine phosphorylation of kinase substrate proteins or the release of calcium. With the Ig:Ig Fab-PLA, we have, for the first time, an assay that can directly monitor nanoscale alterations in the BCR itself after B cell activation. This allows us to study the molecular requirements of BCR opening. Interestingly, we found that the inhibition of Syk activity with a pharmacological inhibitor prevents BCR opening on B cells, exposed either to antigen or Lat-A. In contrast, inhibition of the Src-family kinase Lyn only delays but does not prevent BCR opening upon stimulation. The same results were obtained from Lyn- or Syk-deficient splenic B cells, showing that this is not an off-target effect of the inhibitors used. Therefore, the BCR-interacting-kinase Syk is not only required for downstream signaling but also for the opening of the BCR, suggesting that a Syk-BCR inside-out signaling mechanism amplifies the BCR signal in activated B cells [@bb0055]. With other words, this process involves the binding of Syk to the phosphorylated ITAMs of Igα and Igß at the inner side of the PM, thus changing the BCR so that it resumes an open conformation on the cell surface. The extent of BCR signal amplification by Syk was studied by an assay involving the pre-incubation of B cells with the Syk inhibitor R406 for different times, followed by stimulation with increasing doses of antigen. B cells exposed for 60 min to the Syk inhibitor loose the IgM:IgM Fab-PLA signal at 250 ng/ml or higher doses of antigen, whereas untreated cells require only 10 ng/ml of antigen to loose the IgM:IgM Fab-PLA signal. The result of this experiment supports the notion that the Syk/BCR inside-out signaling increases the sensitivity of B cells to low doses of antigen.

To study the molecular details of the Syk-BCR inside-out signaling mechanism, we rebuilt the BCR, together with wild type or mutant forms of Syk in S2 Schneider cells. This experiment tested whether it is the phosphorylation of the BCR tails by Syk or the binding of Syk to the phosphorylated receptor that opens the BCR oligomer. The result of these experiments showed that the latter is the case and suggests a two step mechanism of B cell activation ([Fig. 3](#f0015){ref-type="fig"}). In the first step, limited amounts of antigen bind and open only few BCR dimers by outside-in signaling and active BCR/Syk seed complexes are formed. In the second step, these BCR/Syk seed complexes diffuse in the membrane and phosphorylate neighboring BCR oligomers. This results in more Syk recruitment and BCR dissociation and the amplification of the BCR signal via an inside-out signaling mechanism.

4.5. Fab-PLA studies of the B cell surface {#s0080}
------------------------------------------

The Fab-PLA can be used not only to detect the opening of the BCR oligomer but also to monitor its association with coreceptor molecules such as CD19 and CD20. For this, we conducted IgD:CD19 and IgM:CD19 Fab-PLA and found that on resting B cells, CD19 is in close proximity to the IgD-BCR whereas on activated B cells it is associated with the IgM-BCR and no longer close to the IgD-BCR ([Fig. 2](#f0010){ref-type="fig"}). The same class specific associations were also found for the tetraspanin protein CD20. These data support the notion that most proteins on the B cell surface reside in nanoscale protein islands. In line with this, it was recently found that CD19 forms nanoclusters on the surface of B cells [@bb0570]. The formation of these CD19 clusters requires the expression of the tetraspanin molecule CD81, which is known to form a complex with CD19 and CD21 in mature B cells [@bb0570; @bb0645]. However, the co-localization of CD19 with other receptors such as the IgD-BCR was not addressed by this one-color super-resolution microscopy study. Interestingly, with Fab-PLA, we found that the IgD-BCR islands on resting B cells contain not only CD19, CD81 and CD20, but also ordered lipid domains, as indicated by the close proximity of GM1 gangliosides and the GPI-linked protein CD52 to the IgD-BCR [@bb0055]. We currently are using the Fab-PLA technique to determine the location of other B cell surface proteins in relation to the IgD and IgM islands. For example, in preliminary studies, we have found that the integrin component CD18 is in close association with both BCR classes on activated but not on resting B cells (unpublished data).

The activation of B cells results in the reorganization of several surface proteins, such that CD19 and CD20, as well as raft-like lipids, all of which find their way from the IgD-BCR to the IgM-BCR. This exchange of coreceptors between the two BCR classes may be facilitated by the concatenation of IgD and IgM islands. Such a concatenation of protein islands was found in a TEM study of TCR and LAT islands on activated T cells [@bb0155]. Indeed, the IgD:IgM Fab-PLA test detects a positive PLA-signal only on activated but not on resting B cells, supporting the notion that the IgD and IgM islands move closer together only upon B cell activation (unpublished data). In their concatenated arrangement, the two different protein islands may form specific nano-synapses for the exchange proteins and lipids with each other ([Fig. 2](#f0010){ref-type="fig"}). How the IgD and IgM islands are kept apart on resting cells and are joined together on activated B cell is not known at present and shows that much remains to be learned about the nanoscale organization of the lymphocyte surface and its reorganization upon the activation of these cells. As described above, the Fab-PLA technique is an important new tool to explore this nano-world.

5. Conclusions and further perspectives {#s0085}
=======================================

The cellular membrane is not only a border separating the inside of the cell from the outside. It is also an important organelle for the exchange of molecules and information between the cell and its environment. For this, the cell carries many different transporter and receptor proteins on its cell surface. Light microscopy studies monitoring the movements of the many TM proteins on the cell surface draw a view of a rather dynamic and unorganized PM [@bb0285; @bb0555]. However, this view is now corrected by super-resolution studies that reveal nanoscale confinements of the TM proteins into patchy domains or protein islands [@bb0085; @bb0155; @bb0570]. From these new studies, a picture is emerging that biological membranes at sizes well below the 250 nm diffraction barrier of visible light are compartmentalized and highly organized structures. This view invites a rethinking of many membrane processes that are likely to be exercised or controlled not by single TM proteins but rather protein--lipid clusters of defined composition and function. However, as discussed here, the study of these nanoscale protein--lipid organization structures is still challenging and requires the development of many new methods. Fab-PLA, which can detect molecular proximity of TM proteins at 10 nm to 20 nm distances, is one such method that can be used to better explore the nanoworld of the PM. With this method, we have discovered that the two antigen receptor classes on mature B cells, namely the IgM- and IgD-BCR reside in different protein islands that show a class-specific association with the coreceptor molecules CD19 and CD20. Furthermore, with Fab-PLA, we found that the different IgD and IgM islands are reorganized upon B cell activation. It will be important to elucidate whether the other BCR classes (IgG, IgA and IgE) and the many other B cell coreceptors are also organized in protein islands and how many different islands exist on the B cell surface. In preliminary Fab-PLA studies of human B cell tumor cells, we have already found several alterations in their nanoscale membrane organization compared to normal human B cells. Such nanoscale studies may lead to new diagnostic tools for these diseases.
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![Nanoscale detection of membrane protein complexes using different microscopy techniques. A. Fluorescence-based microscopy. Upper, confocal microscopy imaging of fluorescently labeled molecules and its spatial (X--Y) resolution (given by Abbe\'s equation). λ, wavelength of light. NA, Numerical aperture of the objective. Lower, localization microscopy resolves the overlapping point spread functions (PSFs) by reducing the number of detections per frame in an image-series and finally reconstructs the image by overlaying. The resolution of the image is proportional to standard deviation of PSF (σ~PSF~) and inversely proportional to the square-root of the number of photons detected.\
B. Electron microscopy Membrane protein immunogold labeling by whole-mount (above) or membrane ripping protocol (below), followed by imaging. The spatial resolution is determined by a modified Abbe\'s equation. θ, half-aperture angle. Voltage, accelerating velocity of the electrons.\
C. Fab-PLA method to visualize nanoscale protein:protein interactions in protein islands on the plasma membrane. The PLA method detects nanoscale protein islands by the close proximity of two target proteins using antibodies coupled to DNA-oligonucleotides that can direct the ligation of two oligonucleotides into a circle. The signal is amplified by rolling cycle amplification PCR and detected by fluorophore-coupled complementary oligonucleotides. The method identifies pairs of molecules closely spaced within 10--20 nm (left) compared to undetectable disperse monomers (middle) in a fluorescence microscopy image (right). PLA data is quantified by counting the number of PLA signal per cells by using BlobFinder software.](gr1){#f0005}

![Reorganization of BCR nano-islands during B cell activation. A. Lateral view, a unified model depicts class-specific nanocluster organization of IgM-BCR (dark) and IgD-BCR (grey) in separated nano-islands in resting B cells (top). IgD-BCR reside in same nano-island (yellow-red region) with co-receptors CD19 (blue) and CD20 (purple). The close proximity (\~ 10 nm) of IgM:IgM and IgD:IgD within their specific nano-islands in resting B cells keeps the Igα/Igß cytoplasmic tails inaccessible and maintains the silent state. Upon B cell activation, BCRs dissociate (10--20 nm), sub-membrane actin-cytoskeleton dissociates and the nano-island reorganizes (bottom). CD19 and CD20 are exchanged from IgD-BCR nano-islands to IgM-BCR nano-islands (yellow-green region) via a nano-synapse.\
B. Top view, reorganization of IgM and IgD-BCR nano-islands upon B cell activation. The two large shaded circles surrounding the visible Fab-arms of IgM-BCR (dark) and IgD-BCR (grey) show the boundary of the nano-islands. Left, co-receptor CD19 (blue) and CD20 (purple) reside in IgD-BCR nano-island in resting B cells. Right, BCRs dissociate (10--20 nm), the sub-membrane actin-cytoskeleton dissociates, and IgM- and IgD-BCR nano-islands meet each other to form a nano-synapse.](gr2){#f0010}

![Signal amplification and dissociation of BCR by Syk-mediated inside-out signaling. The model depicts a two-step mechanism of Syk dependent amplification of BCR signaling and dissociation of the BCR. Left to right, in the resting state, Syk remains closed inactive and resides in the cytoplasm. During signal initiation and/or in presence of low concentrations of antigen, small numbers of BCR become active, allowing a low level of active Syk binding to the phosphorylated ITAMs of Igα/Igß cytoplasmic tails to form a seed complex. The process corresponds to the transmission of a signal across the plasma membrane by an outside-in mechanism. Activated BCR dissociate from each other and this increased mobility leads to phosphorylation of neighboring BCRs. This amplifies the signal by allowing more active Syk to bind to the phosphorylated tails. Binding of Syk to the phosphorylated ITAM opens the receptor from the inside and results in further signal spreading by an inside-out mechanism.](gr3){#f0015}
